Purpose Morphological evaluation is currently considered the single most important predictive measure for assessing embryo quality. The aim of this study was to investigate whether cycles with at least one non-cleaved embryo (i.e., a 1-cell embryo on day 3) have different outcomes compared with cycles in which all embryos had cleaved by day 3. Methods All autologous IVF/ICSI cycles with a fresh day 3 transfer and without using a gestational carrier performed at our center between 1/1/2010 and 12/31/2011 were analyzed retrospectively. Those cycles with at least one non-cleaved embryo on day 3 were compared with all other autologous cycles that had l00 % cleaved embryos performed during the study period. Results Eight hundred and forty two cycles were included. Of them, 144 cycles comprised the non-cleaved group, and 698 cycles comprised the cleaved group. Cycles in the non-cleaved group had more oocytes retrieved (15.4±7.1 vs. 12.5±7.1, p<0.001), more zygotes obtained (10.0±5.3 vs. 7.9±5.2, p= <0.001), but the embryos exhibited lower cleavage rates and higher rates of fragmentation and asymmetry compared with controls (p<0.001). However, spontaneous abortion rates, ectopic pregnancies rates as well as delivery rates were similar between the two groups.
Introduction
Normally developing human embryos cleave along a predictable timeline from the 2-cell to the 16-cell stage [1] . The zygote typically undergoes the first cleavage 20 to 27 h after insemination [2] [3] [4] . Using the evolving technology of timelapse imaging, it has been postulated that time intervals between cleavages, rather than fixed time limits for cell division, can predict embryo viability [5] [6] [7] [8] . However, a consensus remains that embryos that follow the Baverage^growth curve for the normal development of the early human embryo (i.e., reach the four-cell stage by 44 h, and the eight-cell stage by 68 h) are those of highest quality [7, 9, 10] . While recent studies have investigated the value of time-lapse imaging for embryo assessment and selection [reviewed by 6] standard morphological evaluation remains an important approach for evaluating embryo quality in IVF programs, particularly for those that lack time-lapse imaging systems. In addition, numerous studies have shown a direct correlation between the number of cells in a day 3 embryo and blastocyst formation [11] [12] [13] [14] , as well as implantation rates [15] [16] [17] [18] [19] [20] [21] . Indeed, several
Capsule The presence of a non-cleaved embryo on day 3 is associated with a decrease in the cohort quality but does not impact the clinical outcome.
studies have shown that cleavage rates that are either too slow or too fast are associated with a negative impact on implantation rate [15, 18, 21] . Moreover, arrested zygotes and slow cleaving embryos (two cells on day 2 or 3) are associated with higher rates of chromosomal abnormalities [22] .
To our knowledge, no data exist regarding whether an embryo arrested at the one-cell stage may reflect the overall quality of the rest of the embryos in the day 3 cohort. The aim of this study was to investigate whether embryo quality and/or clinical outcome in cycles with at least one non-cleaved embryo (i.e., a 1-cell embryo on day 3) differs from that of cycles in which all embryos had cleaved on day 3.
Materials and methods
This study was approved by the Partners' Healthcare Institutional Review Board for chart review.
Study population
The medical records and the electronic data of all IVF patients who were treated at our tertiary, university-affiliated hospital, between 1/1/2010 and 12/31/2011 were retrospectively analyzed. IVF cycles (with or without ICSI) resulting in an embryo transfer were identified, with the following cycle types subsequently excluded: day 2 transfers, day 5 transfers, PGD cycles, oocyte donor cycles, gestational carrier cycles, cryopreservation cycles and IUI conversion. According to our program's policy during this study period, most patients underwent day 3 embryo transfer. Day 2 embryo transfers were excluded as they were mainly offered to patients with decreased ovarian reserve. Day 5 transfers and PGD cycles were excluded as they were performed primarily for women with a high number of good quality day 3 embryos. Cycles were then screened for the presence of at least one noncleaved embryo on day 3; these comprised the study group (henceforth referred to as the Bnon-cleaved group^). Remaining cycles were then considered for inclusion in the control group. However, only the first cycle for each patient that was performed in our program during this time period was included to ensure that each patient contributed to the study only once. The resulting control group is henceforth referred to as the Bcleaved group^.
Ovarian stimulation protocols
Standard stimulation protocols were used as previously described [23, 24] with the long protocol most commonly used. Alternatively, micro flare or GnRH antagonist (GnRH-a) protocols were employed. Oocyte retrieval was performed 36 h after hCG trigger with 10,000 IU administered IM. Luteal progesterone supplementation was begun 1 day after retrieval with use of IM progesterone (locally compounded at one of two pharmacies: Village Fertility, Waltham, MA 02451 or Freedom Fertility, Byfield, MA 01922) or 2 days after retrieval when vaginal progesterone (8 % Crinone; Watson Pharmaceuticals, Parsippany, NJ, USA) was used [25] . Progesterone supplementation was continued until 10 weeks in patients who became pregnant.
Laboratory protocols
Gametes and embryos were maintained at 37°C in a humidified atmosphere of 5 % CO 2 in air as previously described [18, 26] . Oocytes were either inseminated within 4-6 h of retrieval or injected 3-5 h after retrieval. The fertilization check was performed 16-18 h after insemination or ICSI and zygotes having two pronuclei were cultured individually in 25 μl microdrops of Global medium (IVFOnline, Guelph, Ontario, Canada) supplemented with 5 % human serum albumin. Embryo morphology was assessed on day 3 between 66 and 69 h post-insemination/ICSI using standard criteria of number of blastomeres and extent of fragmentation and blastomere asymmetry [9, 18] . Fragmentation scores of 0 through 4 were assigned to each embryo, where scores correlated with 0, 1-9, 10-25, 26-50 % or >50 % fragmentation, respectively. Blastomere symmetry was graded using a numerical score of 1 through 3 according to uniformity in size and shape of the cells (Grade 1, 2 or 3 for perfect symmetry, moderate symmetry or severe asymmetry, respectively) [27] .
Outcome variables assessed
Data collected from patient charts included demographic characteristics, cycle parameters including age, infertility diagnosis, stimulation protocol, day 3 FSH, peak E 2 levels, number of oocytes retrieved, oocyte maturation status and fertilization rates. Quality of day 3 embryos was collected with good quality embryos defined as embryos having 7-8 cells on day 3, with <10 % of fragmentation. Clinical outcome data included implantation rate, pregnancy rate (both positive βhCG and clinical) as well as delivery rate. Implantation rate was defined as the number of gestational sacs detected by ultrasound 5 weeks after embryo transfer divided by the total number of embryos transferred. Chemical pregnancy was defined as a rise of βhCG and a subsequent spontaneous decline of βhCG with no detectable gestational sac. Clinical pregnancy was defined by the presence of a gestational sac and visualization of a fetal heart beat by ultrasound 5-6 weeks after embryo transfer. Miscarriage was defined as the absence of a fetal heart beat subsequent to this initial ultrasound. Therapeutic abortion was defined as either termination of the entire pregnancy or reduction of a fetus in a multiple pregnancy due to chromosomal abnormality or a major structural anomaly.
Ectopic pregnancy was defined as visualization of a gestational sac, with or without fetal heartbeat, in the fallopian tube.
Statistical analysis SPSS statistical software (Version 15) was utilized to perform the data analysis for this study. Differences in continuous variables between the study group and matched-pair control group were determined using the Wilcoxon Signed Rank test. Categorical variables were analyzed by Fisher's exact test. In all cases, p<0.05 was considered to be statistically significant.
Results

Patient characteristics
The characteristics of patients in the final dataset are shown in Table 1 . Of the 842 cycles included, 144 cycles comprised the non-cleaved group, and 698 cycles comprised the cleaved group. Patients in the two study groups were of similar age (36.3±3.8 y vs. 36.7±4.1 y, respectively) but those in the noncleaved group had undergone more IVF attempts (mean±SD:
1.9±1.2 vs. 1.6±1.1, p<0.004). There was no difference in the distribution of patients by fertility diagnosis or type of stimulation protocol used. Women in the non-cleaved group and had a lower day 3 FSH (7.4±2.7 vs. 8.0±2.9 mIU/ml, p= 0.016), a higher peak E 2 
Incidence of non-cleaved embryos
Of the 7033 embryos from the 842 cycles included in the analysis, 161 were non-cleaved (2.4 %). These non-cleaved embryos were retrieved from 144 patients. One hundred and thirty patients had one non-cleaved embryo (130/144, 90.3 %), 12 patients had 2 non-cleaved embryos (8.3 %), one (1/144; 0.7 %) had 3 non-cleaved embryos and one (1/144, 0.7 %) had 4 non-cleaved embryos in the same cycle evaluated.
Day 3 embryo morphology
To assess any association between the presence of at least one non-cleaved embryo and quality of the remaining embryos in the cohort, we compared the morphology of the embryos that had cleaved between the two groups. We excluded the 1-cell embryos in this analysis as we were specifically interested in the morphological distributions of exclusively the sibling embryos that had cleaved.
Significantly more embryos in those cohorts with at least one non-cleaved embryo had less than the expected number of 8-cells on day 3 compared with the control, cleaved group (p<0.001); this trend was manifest by more embryos having < 6-cells, and correspondingly fewer having > 7-cells in the non-cleaved group (Fig. 1a ). There were also significant differences between the two cohorts regarding the distribution of embryos according to both the extent of fragmentation ( Fig. 1b; p < 0.001) and degree of symmetry ( Fig. 1c; p<0.001); a lower percentage of embryos exhibited low fragmentation grades (Grades 0 or 1; Fig. 1b ) and a higher percentage had severe asymmetry (Grade 3; Fig 1c) in the noncleaved cohort.
Cycle outcomes
Cycle outcomes are shown in Table 2 . The non-cleaved group had significantly fewer good quality embryos (2.0±2.9 vs. 2.5 However, the groups did not differ for any of the clinical outcomes. Fifty two percent of the patients who had noncleaved cycles conceived compared with 56 % that had cleaved cycles (p=0.519). Clinical pregnancy rates were 36.1 and 43.0 % respectively (p=0.138). Delivery rates as well as the abortion rates and ectopic rates were also similar in both groups.
Discussion
In this study with a dataset of 842 cycles from 842 women, we found that the presence of at least one non-cleaved embryo on day 3 was associated with more oocytes retrieved and 2pn embryos formed, but the overall quality of the other embryos in the day 3 cohort was significantly reduced compared with controls. Nevertheless, clinical outcomes were similar between the two groups. Evaluation of embryos in vitro has undergone a dramatic change in the past few years with the introduction of time-lapse imaging. This novel technique enables acquisition of dynamic images of embryo development [6, 10, [28] [29] [30] . It has been proposed that the information acquired regarding the kinetics of embryo cleavage, either with or without use of standard static embryo morphology grading, will greatly improve successful selection of the most viable embryo for transfer. However, according to a recent systemic review [6] , whether multiple morphokinetic evaluations of embryos using timelapse imaging are superior to a single evaluation of embryo morphology before transfer remains currently unresolved, due to insufficient high-quality data. Moreover, there are publications showing correlations between blastocyst formation or implantation potential and standard morphological criteria on day 3, including not only cell number, but also fragmentation and blastomere symmetry [21, [31] [32] [33] , despite the latter two features being dynamic. Therefore, the balance of available evidence emphasizes the importance of the current study, particularly as many IVF units are still using static morphological grading to assess embryo quality and selection.
It is well recognized that in the human, the first two to three cell divisions are regulated by the maternal genome [34] . Several studies have shown that a primary determinant of embryo viability is timing of onset of zygotic cleavage and entry into the first mitotic division [15, 35, 36] . Both animal and human studies have demonstrated that timely entry into the first cleavage (so called Bearly cleavage^) is associated with developmentally more competent embryos compared with late cleavage or no cleavage [37] . Indeed, embryos that cleave between 24 and 27 h after fertilization are more developmentally competent, resulting in higher blastocyst and implantation rates compared with those that cleave relatively later [7, 13, [38] [39] [40] [41] [42] [43] [44] .
Recently, a retrospective study using time-lapse imaging data showed that extremely early cleavage of embryos (i.e., direct division from 2 cell to 3 cells in ≤5 h) was associated with significantly lower implantation rates compared with embryos that exhibited a normal cleavage pattern. The authors suggested that the a Cell Number short cell cycle was associated with incomplete DNA replication and might lead to impaired quality embryos due to unequal distribution of DNA to blastomeres [45] . In bovine, a higher frequency of chromosomal abnormalities was reported among embryos showing direct cleavage from one cell to 3 or 4 blastomeres [46] . In the present study, non-cleaved embryos occurred in cycles in which both peak estradiol levels and total number of oocytes retrieved were higher compared with controls. It is conceivable that the presence of noncleaved embryos in the setting of higher oocyte yield is purely a fluke of sampling when there is a more exuberant response to ovarian stimulation. However, as these developmentally incompetent embryos were associated with cohorts of poorer quality, it would seem more likely that they arose from recruitment of smaller, less competent follicles containing oocytes of reduced cytoplasmic maturity and compromised ability to undergo entry into mitosis. There has been controversy regarding the effect of higher estradiol levels on oocyte and embryo quality. In mice, higher estradiol levels were reported to have a direct toxic effect on embryo quality and development in vitro [47] , however the detrimental effects of higher estradiol levels on embryo development in the human have not been proven [48, 47] . Of interest, Balakier et al. recorded significantly higher E 2 levels and a higher number of oocytes in cohorts that contained giant oocytes compared with controls [49] .
We did not find that a non-cleaved embryo was associated with lower pregnancy rates or higher miscarriages rates. This observation may be explained by the availability of a sufficient number of top quality embryos in the non-cleaved group, thereby providing embryos for transfer that were of comparable developmental competency to the controls. The association between the number of oocytes retrieved and pregnancy rate is controversial. Some researchers have shown a correlation between the number of oocytes retrieved and higher pregnancy rates [50] [51] [52] whereas others argue that excessive response to ovarian stimulation might result in detrimental effects on oocyte and embryo quality and/or that supra-physiological estradiol levels may alter implantation [53, 54] . Of note, we observed a trend towards a lower number of embryos frozen among cohorts with non-cleaved embryos, although the numbers were not statistically significant.
In conclusion, our results show that cycles in which at least one zygote in a cohort fails to undergo the first mitotic division is associated with a more exuberant response to controlled ovarian stimulation as reflected by more oocytes retrieved and more zygotes obtained. Although the presence of a non-cleaved embryo was associated with a significant decrease in overall quality of the cohort, implantation and clinical pregnancy rates were not adversely affected. While it is possible that a negative association with clinical outcome is observed in cohorts having a significant percentage of noncleaved embryos, the current dataset did not allow us to explore this possibility.
Taken together, our results show that clinicians can be reassured that this rare developmental aberration, at least in a single sibling embryo, appears not to be associated with reduced probability of a successful cycle. We hope that new insights investigating molecular and morphokinetic markers associated with oocyte and embryo quality using time-lapse imaging, will help to define the abnormalities underlying mitotic arrest at the zygote stage.
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